AD/A-006  978 


DEVELOPMENT  OF  IR  TRANSMITTING 
CHALCOGENIDE  WINDOWS 

Cornelius  T.  Moynihan,  et  al 

Catholic  University  of  America 


Prepared  for: 

Office  of  Naval  Resea ”ch 
Advanced  Research  Projects  Agency 


February  1975 


DISTRIBUTED  BY: 


National  Tichnjcal  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 


i 


( 


AD  A 0 069  78 


0871  41 


DEVELOFMEHT  OF 


IP.  TRANSMITTING  CILTvLCOGENlDE 


by 


GLASS  EvS 

V ' 


C.T.  Moynihan,  P.B.  Macedo,  K.S.  Maklad, 
R.K.  Mohr,  R.E.  Howard,  and  P.S.  Danielson 


Vitreous  State  Laboratory 
Catholic  University  of  America 
Washington,  DC  200C4 


Final  Technical  Report 
February,  1975 

Sponsored  by  Advanced  Research  Projects  Agency 
ARPA  Order  No.  2138 

Monitored  by  Office  of  Naval  Research 
Contract  No.  N00014-67-A-0377-0017 
Program  Code  No.  4D10 


Contract  Period:  1 April  1972  to  30  September  1974 
Amount  of  Contract:  $273,249 


Principal  Investigators  and  Phone  Numbers: 
P.B.  Macedo  202-635-5327 
C.T.  Moynihan  202-635-5180 


Scientific  Officer:  Director,  Metallurgy  Program 

Office  of  Naval  Research 
Department  of  the  Navv. — ~ 
Arlington,  VA  22217 


The  views  and  conclusions  contained  in  this  docu- 
ment are  those  of  the  authors  and  should  not  be  interpreted 
as  necessarily  representing  the  official  policies,  either 
expressed  or  implied,  of  the  Advanced  Research  Projects 
Agency  or  the  U.S.  Government. 


ReproducrU  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

U S DeporffT.cn!  of  Con-.merce 
Springfield  VA  22151 


Socutilv'  CI.^rMfic.TtJon 


DOCDMENT  CONTROL  DATA  - R & D 

fSrr„rl<\-  ch  iHiliri'lipn  nl  li'lr,  hn<>v  , t nl  tr:r’  i.n<l  ,r,l--mnf>  l.ijioUilrrn  niuil  h,'  fnli'n-<l  nlu-n  llic  nvrriill  ft-porl  is  clii.i!.llif'l} 

1 QklGINATlNi*  ACTIVtTr  i.'/f.j'/j't*  uufho/>  7jt.  RL  PORT  StCURI  T Y CL  ASSI  F 1C  A T lO  f< 

vAreous  Aato  Laboratory  Unclassified 

Catholic  University  of  /imerica  group  T 

Washington,  DC  20064  

3.  REPORT  TITLE 

Development  of  IR  Transmitting  Chalcogenide  V-Jindows 


4.  DESCRIP1  IVE  NOTES  <Tyrf  ' I rrpoM  and  mclusivp  d«les> 

Final  Technical  Report,  1 April  1972  to  30  September  1974 

5.  AUTHOR<S'  (Firat  nnrit*,  midJIv  initiuf,  last  noma) 

Cornelius  T.  Moynihan,  Pedro  B.  Macedo,  Mohktar  S.  MakJad, 
Robert  K.  Mohr,  Regan  E.  Howard  and  Paul  S.  Danielson 


l6.  REPORT  DATE 


P«.  TOTAL  NO.  t*AOtS 


February  1975 


Ba.  con  I RACT  OR  GRANT  NO. 

N000014-67-A-0 37 7-0017 

b.  PROJECT  NO. 

ARPA  Order  No.  2138 
Program  Code  No.  4 DIO 


7b.  NO.  OF  REFS 

42 


9ii.  OmCtNATOR'S  REPORT  rJUMUER(S) 


9b.  other  report  NO^S^  M^>'  other  number*  that  moy  ua  <is«f  Jrircf 
Ih/e  rep.-'tt) 


I 10.  DISTRIBUTION  STATEMENT 


I 1 1.  SUPPLEMENTARY  NOTES 


\\2.  SPONSORING  MILITARY  ACTIVITY 


Advanced  Research  Projects  Agency 


13.  ABSTRACT 


A quantitative  study  of  infrared  absorption  in  the  250-4000cm“-‘-  re- 
gion of  AS2Se3  glasses  doped  with  small  amounts  of  AS2O3  or  purified  by 
various  procedures  has  been  carried  out  with  particular  attention  to  ab- 
sorption in  the  wavelength  regions  of  the  CO2  and  CO  lasers.  The  depen- 
dence of  the  relative  intensities  of  the  oxide  impurity  bands  in  the 
650-1340cm”l  region  on  the  total  amount  of  AS2O3  added  to  the  glass  in- 
dicates the  existenc'--  of  three  distinct  oxide  impurity  species.  A num- 
ber of  higher  frequency  impurity  bands  which  are  due  to  the  presence  of 
hydrogen  in  the  glass  and  whose  intensities  are  highly  dependent  on  the 
glass  melting  conditions  have  been  observed  and  classified.  Absorption 
coefficients  of  AS2Se3glass  in  the  920-1090  cm"l  CO2  laser  region  are 
limited  by  intrinsic  multiphonon  absorption  to  values  of  around  10“2cm“l 
The  lowest  absorption  coefficients  measured  in  the  1700-2000  cm”l  CO 
laser  region  were  around  2 x 10"3  cm“l  and  may  contain  contributions  fro 
hydrogen  impurity  bands . 

Intrinsic  multiphonon  absorption  coefficients  of  mixed  As2Se3-GeSe2 
glasses  were  found  to  be  of  the  same  magnitude  at  the  same  respective 
frequencies  as  those  for  pure  As2Se3  glass.  Hence  selenide  glasses  are 
unsuitable  as  windows  for  high  power  CO2  lasers.  (Cont'd  on  sep.  p.) 


II 


ABSTRACT  continued 


The  "molecular  model"  of  Lucovsky  and  coworkers  for 
vibrational  properties  of  chalcogenide  glasses  such  as 
AS2S3,  As2Se3,  GeS2  and  GeSo2  suggests  that  multiphonon  absorp- 
tic^n  in  these  materials  should  be  analogous  to  overtone  and  com~ 
bination  vibrational  bands  in  isolated  molecules.  A variety 
of  experiments  have  been  carried  out  whose  results  are  in 
reasonable  accord  with  this  prediction.  These  include  Raman 
spectra  of  AS2S3  glass,  measurement  of  the  frequency  depen- 
dence of  infrared  absorption  in  the  multiphonon  region  for 
AS2S3,  As2Se3,and  mixed  As2S3~As2Se3  and  As2Se3-Ge3o2  glasses, 
and  measurement  of  the  temperature  dependence  of  absorption 
coefficients  in  the  mu] tiphonon  region  for  As2So3  glass. 
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SUMMARY 

A quantitative  study  of  infrared  absorption  in  the  250- 
4000  cm  ^ -gion  of  As^Se^  glasses  doped  with  small  amounts 
of  AS2O2  or  purified  by  various  procedures  has  been  carried 
out  with  particular  attention  to  absorption  in  the  wave- 
length regions  of  the  CO2  and  CO  lasers.  The  dependence  of 
the  relative  intensities  of  the  oxide  impu"ity  bands  in  the 
650-1340  cm  ^ region  on  the  total  amount  of  added  to 

the  glass  indicates  the  existence  of  three  distinct  oxide 
impurity  species.  A number  of  higher  frequency  impurity  bands 
which  are  due  to  the  presence  of  hydrogen  in  the  glass  and 
whose  intensities  are  highly  dependent  on  the  glass  melting 
conditions  have  been  observed  and  classified,  Absorption 
coefficients  of  As^Se^  glass  in  the  920-1090  cm“^  CO2  laser 

region  are  limited  by  intrinsic  multiphonon  absorption  to 

-2  -1 

values  of  around  10  cm  . The  lowest  absorption  coefficients 
measured  in  the  1700-2000  cm  ^ CO  laser  region  were  around 

n -1 

2 X 10  cm  and  may  contain  contributions  from  hydrogen 
impurity  bands. 

Intrinsic  multiphonon  absorption  coefficients  of  mixed 
^Issses  were  found  to  be  of  the  same  magnitude 
at  the  same  respective  frequencies  as  those  for  pure  As2Se2 
glass.  Hence  selenide  glasses  are  unsuitable  as  windows  for 
high  power  CO2  lasers. 
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SUMMARY  p.2 

The  "moj.ecular  model"  of  Lucovsky  and  coworkers  foz' 
vibrational  properties  of  chalcogenide  glasses  such  as 
^^2^3'  that  multiphonon 

absorption  in  these  materials  should  be  analogous  to 
overtone  and  combination  vibrational  bands  in  isolated 
molecules.  A variety  of  experiments  have  been  carried  out 
whose  results  are  in  reasonable  accord  with  this  prediction. 
These  include  Raman  spectra  of  As^S^  glass,  measurement  of  the 
frequency  dependence  of  infrared  absorption  in  the  multiphonon 
region  for  As^S^,  As^Se^,  and  mixed  hs^S^-hs^S&^  and  As^Se^- 

GeSe^  glasses , and  measurement  of  the  temperature  dependence 
of  absorption  coefficients  in  the  multiphonon  region  for 
As^'Se^  glass. 
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A qiiaritit  live  study  of  infrared  absorption  in  the  250-4000  rm“’  region  of  As^Sej 
gbsses  doped  willi  ^niall  amounts  of  As20a  or  purified  by  various  procedures  has  been 
carried  out  s*  illi  particular  attention  to  absorption  in  the  wavelength  regions  of  the  COj 
and  CO  lasers.  1 lie  dependence  of  the  relative  intensities  of  the  o>  idc  impurity  bands 
in  the  650-1340  ciii~'  region  on  the  total  amount  of  .'sjOa  added  to  the  glass  indicates 
the  existence  of  three  distinct  oxide-impurity  species.  A number  of  higher-frequency 
impurity  bands  which  are  due  to  the  presence  of  hydrogen  in  the  glass  and  whose  inten- 
sities ate  highly  dependent  on  the  glass-melting  conditions  have  been  observed  and  classi- 
fied. Intrinsic  niultiph.onon  absorption  in  the  400-1 100  cin“'  region  has  been  inter- 
preted in  terms  of  combination  and  overtone  bands  of  the  two  liighest-freque..cy  funda- 
mental vibrational  modes.  Absorption  coefficients  of  Asj.Soy  glass  in  the  920-1090  cm"' 
COa  laser  region  ate  Innited  by  iiittiiisic  multiplionon  absorption  to  values  of  around 
10*^  on"*.  The  lowest  absorption  coefficients  measured  in  the  1700-2000  cm~*  CO 
laser  region  were  around  2 X 10"'*  cm"'  and  may  contain  contributions  from  hydrogen- 
impurity  bands. 


1.  Introduction 

Seleitidc  glasses  arc  an  important  class  of  infrared-trannnitting  materials  [1]. 
Probably  the  most  widely  studied  scienidc  glass  is  AS2SC3,  but  the  numerous  studies 
of  infrared  absorption  in  this  material  (2-14j  have  provided  very  little  in  the  way 
of  quantitative  assessment  of  absorption  in  wavelength  regions  of  higli  transparency. 
On  the  other  hand,  the  recent  development  and  commercial  availability  of  high- 
power  infrared  lasers  have  created  a need  for  information  about  the  inherent  limits 
of  absorption  in  infrared-transmitting  materials  (1,  15).  Consequently  we  have 
carried  out  a quantitative  study  of  impurity  and  bulk  absorption  in  As2Se3  glass, 
with  particular  attention  to  absorption  at  the  wavelengths  of  the  CO2  laser 
(9.2-10.8  pm,  1090-920  cm"')  and  of  the  CO  laser  (5-6  pm,  2000-1700  cm"‘). 

The  two  principal  sources  of  IR  absorption  in  As2Se3  glasses  are  liglit  atom  im- 
purities (oxygen  and  hydrogen)  (1,4-8,  II,  1.1]  and  intrinsic  niultiphonon  pro- 
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cesses  (1, 6, 13).  lienee,  two  lines  of  investigation  were  pursued  by  u*:.  i irst,  the 
magnitude  of  cxeess  absorption  rif  As2Sc3  glasses  doped  wiili  known  amounts  of 
oxide  impurity  was  determined.  Seeond,  the  absorption  of  As^Scj  glasses  prepared 
using  a variety  of  purifieation  procedures  was  measured  to  fix  unambiguously  the 
intrinsic  absorption  coefficients. 


2.  Sample  preparation  and  purification 

AS2SC3  glasses  were  compounded  in  batches  of  about  15  g from  commercially 
available  high-purity  AsfConiinco  American,  99.999‘»:f)  and  Sc  (Atomergic  Chem- 
icals Co.,  99.99997).  Tlic.se  wcie  stored,  wcigiicd,  and  handled  in  a Vacuum  At- 
mospheres N2-rillcd  incit  atniosplicrc  box  to  avoid  any  contamination  from  atmos- 
plieric  oxygen  and  moisture.  I’liinary  standard  AsiO^  was  used  as  a dopant. 

In  the  “standard”  preparation  procedure  1.3  emod,  1.0  cm  id  Vycor  melt  tubes 
were  scaled  at  one  end,  heated  with  a torch  under  vacuum  to  remove  adsoibcd 
water,  and  transferred  to  the  inert  atmosphere  box.  1 he  glass  components  were 
loaded  into  tlic  tubes,  v/liicli  were  then  removed  from  the  box  and  sealed  off  under 
vacuum.  The  glasses  were  melted  for  20  h at  850  C in  a rocking  furnace,  leinovcd 
from  the  furnace  and  cooled  in  air,  annealed  inside  the  melt  tubes  tor  a few  hours 
at  155-170°C,  cooled  slowly  to  room  temperature,  and  removed  fiom  the  melt 
tubes. 

Several  special  purification  procedures  designed  to  eliminate  oxide  impurities 
were  also  tried  (1,7).  These  included; 

(1)  Baking  tlie  Vycor  melt  tubes  overnight  under  vacuum  at  850-900“C  to  re- 
move adsorbed  water  before  loading  the  glass  components. 

(2)  Baking  the  components  ovcrniglit  at  100-120‘’C  in  the  melt  tubes  under 
vacuum  before  sealing  off  to  remove  surface  moisture  from  the  components. 

(3)  Addition  to  the  melt  components  of  small  amounts  of  metallic  A1  or  Zr  to 
act  as  oxide  getters. 

(4)  Distillation  of  the  glass.  The  glass  after  melting  was  sealed  into  one  side  of  a 
1.3  cm  od  Vycor  tube  divided  into  two  sections  by  a coarse-porosity  Vycor  fritted 
disc.  Witli  the  distillation  tube  in  a horizontal  position  the  glass  was  healed  to 
800-850°C  so  that  it  distilled  througli  the  fritted  disc  and  into  the  second  side 
which  was  held  at  a lower  temperature.  Ordinarily  the  distillation  was  carried  out 
with  the  distillation  tube  sealed  under  vacuum,  but  distillations  were  also  carried 
out  with  the  tube  sealed  at  room  temperature  under  3 aim  of  Ni,  Hi  or  5% 

H2  - 95%  N2-  Following  distillation  the  glass  was  remelicd  briefly  at  700-850‘’C 
in  Vycor  sealed  under  vacuum  and  then  annealed  Vacuum  iistillations  were  in- 
tended to  degas  tlic  glass  and  remove  involaiile  impurities;  uisiillations  under  H2 
were  intended  to  lead  to  oxide  removal  by  formation  of  HiO.  The  fritted  disc 
served  to  prevent  carry-over  of  particulate  matter  during  the  distillation. 

AS2SC3  glasses  quantitatively  doped  with  small  amounts  of  AS2O3  were  prepared 
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by  dilution  procedures.  Several  batches  of  AsiSe3  glass  to  which  had  been  added 
910  ppm  AS2O3  were  meltcil,  where  “ppm”  refers  to  the  content  of  added  impurity 
on  a molar  basis.  Glasses  containing  less  than  ‘>10  ppni  AsiOj  were  obtained  both 
by  rcmclling  the  910  ppm  glass  with  previously  prepared  undoped  AsiSej  glass  and 
by  leinehing  the  910  ppm  glass  with  appropriate  amounts  of  elemental  As  and  Se. 
Glasses  of  tlie  same  nominal  AsiO^  content  piepared  by  the  two  different  dilution 
procedures  were  within  experimental  error  indistinguishabi''  on  the  basis  of  their 
infrared  absorption. 


3.  Infrared  absorption  measurements 

Samplesfor  IR  absorption  measurements  were  prepared  by  cutting  slices  from  the 
1.0  tmi  od  glass  boules  and  polishing  the  opposite  faces  plane  parallel.  Sample  thick- 
nesses ranged  from  0.018  to  2.5  cm.  The  polished  specimens  were  oxarniried  under 
an  IR  microscope,  and  those  found  to  contain  bubbles  or  gross  amounts  of  parti- 
culate m.attci  were  not  used  for  transmission  mcasureinems. 

IR  spectra  over  the  range  250-4000  cm"*  (40-2.5  pm)  were  measured  at  am- 
bient temperature  with  a Perkin— Llnicr  Model  467  double  beam  spectrometer  with 
a variable  attenuator  in  the  reference  beam.  Prior  to  recording  tire  spectrum  the 
attenuator  was  set  to  give  a reading  of  lOO^i  transmission  with  no  sample  in  tire 
sample  beam.  A typical  spectrum  of  an  oxide-free  AsiScj  glass  is  shown  in  fig.  1. 

Tlie  absorption  coefficient  a was  obtained  from  the  transmission  T,  the  sample 
thirkne.ss  x,  and  the  reficctivity  R by  the  equation 

r=(l  -/J)2exp(-ax)/(l  -/?2exp(-2ttjr)].  (1) 

wliich  is  valid  for  normal  incidence  of  tire  light  beam  on  the  sample  surface  in  reg- 
ions in  which  aX  i 1 , where  X is  wavelength.  The  leflectivity  R used  in  eq.  (1)  was 
calculated  from  the  transmission  Tq  measured  on  the  same  spectrum  in  regions  of 
neghgible  absorption  (the  flat  regions  of  the  spectrum  where  ax  < 1,  see  fig.  1): 

ro  = (l -/?)2/(l (2) 

The  average  value  of  7q  in  the  7-10  pm  region  for  34  different  As2Sc3  samples  in 
our  study  was  0.63  ± 0.01 . Tliis  agrees  well  with  the  Tq  value  of  0.64  calculated 
from  publislicd  values  (3,  5,6]  of  the  refractive  index  n using  eq.  (2)  and  the  rela- 
tion 

/?*(«-l)2/(«  + l)2. 

Slight  differences  between  the  Tq  values  obtained  from  the  IR  spectrum  and  from 
the  index  of  refraction  may  arise  because  of  slight  deviations  from  normal  light 
incidence  or  because  of  scattering  from  small  surface  imperfections  or  foreign-n»a- 
terial  inclusions  in  the  sample  in  the  IR  spectrum  determniation. 
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spectrum  of  AsjScj  glass  prepared  by  the  "standard"  procedure.  Sample  thick- 
ness 0.40  cm. 

Calorimetric  absorption  coefficient  nicasureinenls  tlic  CO-,  and  CO  laser-wave- 
length regions  were  carried  out  at  ambient  temperature  using  Molectron  Corp.  model 
C250  tunable  COt  and  CO  lasers  and  a CRI.  model  20  power  meter.  The  method 
described  by  I’innow  and  Rich  (16|  with  the  sample  nounied  outside  the  laser 
cavity  was  employed.  Heat  cap.acitics  needed  lor  the  calorimetric  a calculation 
were  taken  from  the  paper  of  Sclinausct  al.  (17], 


4.  Oxide  impurity  absorption 

In  fig.  2 are  shown  IR  spectra  of  thin  samples  of  AsiOj-doped  Asi.Se-  glasses  of 
comparable  thickness.  Jerger  and  .Sherwood  (5)  and  Vasko  et  al.  [if]  have  observed 
that  AsjSe3  spectra  in  the  region  shown  in  fig.  2 depend  only  on  the  total  amount 


Fig.  2.  Infrared  spectra  of  thin  samples  of  AsjOrdoped  AsjScj  glasses.  Sample  thicknesses 
*0^  in  parentheses.  Tire  discont  nuities  in  the  specua  at  600  cm"'  arc  due  to  a graUng  change 
In  the  spectrometer.  c e -e 
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Fig.  3.  Absorption  cocftlcient  versus  ppm  added  AsjOa  for  A$2So3  glasses  for  the  65''  and 
785  cm”'  oxide  impurity  band  maxima. 

of  oxygen  present  attd  arc  independent  of  whether  the  oxygen  was  added  to  the 
melt  components  in  tlic  form  of  AssO^  or  ScOs.  Ihc  principal  features  of  Tig.  2 arc 
(1)  a strong  peak  at  480  cm”*  whose  intensitv  ndependent  of  o.xidc  content  and 
which  hence  must  be  ati  intrinsic  absorption  band,  (2)  an  oxide  impurity  band  at 
650  cm”’  witich  becomes  noticeable  at  91  rpni  AssO^  and  growsrapidly  with  further 
additions  of  AS2O3  up  to  550  ppm  and  less  rapidly  thereafter,  and  (3)  an  oxide 
impurity  bano  at  785  cm”’  which  first  appears  at  270  ppm  and  grows  rapidly  with 
further  AS2O3  additions.  Plots  of  the  absorption  coefficient  at  the  650  and  785  cm”* 
oxide  band  maxima  versus  ppm  of  added  AS2O3  arc  shown  in  fig.  3. 

The  piescnce  in  As2Sc3  glasses  of  tvo  principal  oxide  absorption  peaks  at 
650  cm”’  and  785  cm"’  whose  relative  u'tcnsitics  varied  with  the  glass  preparation 
was  first  noted  by  Vasko  et  al.  (1 1 ].  On  the  basis  of  the  spectra,  of  the  various  forms 
of  pure  AS2O3  they  concluded  that  the  785  ent”’  band  was  due  to  oxygen  present 
as  AS4O5  molecules  (AS2O3  form  1),  while  the  650  cm”’  band  was  due  to  oxygen 
present  in  a network  structure  similar  !o  that  of  vitreous  AS2O3  or  of  the  AS2O3 
monoclinic  crystal  (M2O2  form  11). 

The  solubility  of  AS2O3  in  AS2SC3  glass  is  rouglily  2000  ppm  (18].  Hence  in  the 
glasses  of  fig.  2 the  AS2O3  is  dissolved  in  the  AS2SC3  on  a molecular  level.  Figs.  2 
and  3 show  that  the  oxide  species  associated  with  the  650  an”’  band  (form  II)  pre- 
dominates at  low  concentrations,  but  as  thc’total  concentration  of  AS2O3  increases, 
the  concentration  of  the  650  cm”’  species  begins  to  level  off,  and  further  AS2O3 
inaements  end  up  in  the  glass  mainly  in  the  form  of  the  oxide  species  associated 
with  the  785  cm"’  band  (form  1).  These  two  pieces  of  evidence  support  the  con- 
clu-sions  of  Vasko  et  al.  [ 1 1 ],  so  tliat  we  may  tentatively  relate  the  650  cm”’  band 
to  vibrations  of  oxygen  incorporated  substitutiomiiy  for  selenium  in  the  As2Se3 
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networkjt^tlK-  form  of  ^ As-O-Asc  local  groups,  while  the  785  cm-|[m^*'bc 
associatcd^vihrations  of  As40^  molecules  dissolved  in  the  glass.  The  relative  con- 
centrations of  the  two  species  would  be  contiolled  by  an  equilibrium  of  the  form 

4 As  (network)  + 60  (network  ) ;•  AS4O6  (dissolved  in  melt) 

(formlI,650  cin->)  (form  1, 785  cm"*)  (3) 

which  would  strongly  favor  form  II  at  low  overall  oxygen  concentrations  and  favor 
form  I at  high  concentrations.  In  view  of  the  very  broad  miscibility  g^p 
(0.2—98  inoI,{-  AS2O3)  in  the  AsiScj  — AS2O3  system  { 18),  which  indicates  a pro- 
nounced lack  of  affinity  he  tween  the  oxide  and  the  selenidc,  the  displacement  of 
eq.  (3)  to  the  riglit  with  increasing  overall  oxide  coatent  and  the  concomitant  aegre- 
gation  of  oxygen  into  As40^  molecules  may  be  viewed  as  ? precursor  step  to  the 
gross  segregation  of  oxygen  into  a separate  phase  that  takes  place  above  2000  ppm 
AS2O3. 

A point  of  some  concci  n to  us  with  regard  to  our  doping  experiments  was  that, 
since  AS2O3  is  higlily  volatile,  the  AS2O3  vapor  pressure  over  the  A$7Se3  melt  might 
be  sufficiently  high  for  a substantial  portion  of  the  added  AS-1O3  segregated 
into  the  vapor  phase  above  the  melt  at  higli  temperatures  and  hence  not  to  appear 
in  the  quenched  glass.  To  check  on  this  possibility  we  carried  out  a number  of  syn- 
thesesof910  ppm  AS2O3  glasses  in  which  we  varied  both  the  ratio  of  the  volume 
of  the  empty  space  in  the  sealed  mejt  tube  to  the  melt  volume,  I’voij/f'mcif 
melt  temperature.  The  absorption  coefficenls  at  the  650  and  785  cm"*  oxide  bands 
for  these  glasses  are  shown  i.i  table  1 . The  a values  at  650  cm~^  are  all  identical 
within  experimental  eiror;  however,  the  intensity  of  the  650  cm"^  band  is  not  greatly 
sensitive  to  the  total  amount  of  oxide  at  concentrations  around  910  ppm.  The  a 
values  at  785  cm  * show  a scatter  of  about  i 107c  about  their  mean.  From  fig.  3 one 
may  estimate  that  about  400  ppm  of  AS2O3  are  in  form  I associated  with  the 
785  cm  * band,  so  that  the  scatter  in  the  785  cm~*  a values  corresponds  to  an  un- 

Table  I 


Absorption  coefficients  at  650  and  785  cm“’ 

' of  AsjSc3  glasses  doped  with  910  ppm  A$20j. 

Melt  history 

^void/^melt 

a7ss  (cm~* ) 

20 hat  850°C 

- 

12.4 

20.4 

20hat850°C 

1.8 

12.7 

19.9 

20  h at  850°C 

3.7 

11.7 

18.6 

20 hat  850”C 

5.5 

11.6 

1S.6 

X hat550°C,') 

12.3 

16.4 

20 hat  850°Cd 

20  h at  850'’C,1 

20hat450°C  i 

- 

12.2 

16.4 

20hat450“C 

2.9 

12.3 

18.4 

Average 

12.2 1 0.3 

18.0 1 1.6 
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cerlainty  of  about  ± 40  ppm  in  the  total  910  ppm  content  or  about  ± 0.3  m3 
AS2O3  in  a 1 5 g batch.  Tlii.s  is  very  close  to  the  estimated  acciiracv  of  our  As-,0 , ad^ 
ditioii  procedure,  so  tliat  tlie  scatter  may  be  primarily  due  to  experimental  unccr- 
tamly  from  tins  source.  Alternatively,  the  scatter  in  the  785  cm”’  values  may  be 
due  to  the  extraction  of  varying  amounts  of  oxide  (of  the  order  of  50  ppm)  by  the 
Vycor  melt  container,  as  explained  in  sect.  5.  The  absence  of  changes  in  the  785  cm"' 
o value  with  changes  in  melt  temperature  large  enough  to  p.oduce  large  differences 
in  the  AsjOj  vapor  pressure,  however  demonstrates  fairly  conclusively  that  a neg- 
ligible amount  of  oxide  is  los.  as  vapor  into  the  void  space  above  th.e  melt. 

The  temperature  independence  of  the  650  and  785  cni->  a values  of  table  I also 
inaicalcs  that  at  910  ppm  As;Oj  the  rei:  tive  amounts  of  the  two  forms  of  As-,0, 
impurity  in  Ihc  glass  arc  independent  of  melt  temperature.  This  may  mean  that  the 
reaction  of  cq.  (.3)  is  exticmely  rapid  at  450°C  and  above,  so  that  the  relative  amounts 
Of  the  two  species  observed  in  the  glass  correspond  to  the  cquilihiium  coiiceiitra- 
tions  al  some  temperature  below  450Y  at  which  the  rate  of  eq,  (3)  becomes  suffi. 
cicntly  slow  that  the  reaction  is  arrested  during  tlie  cooling  of  the  glass.  Altci  natively 
if  one  assumed  that  the  rate  of  eq.  (3)  was  slu'-ish  compared  to  the  cooling  rate  at 
aU  tcitiperalurcs  at  and  below  850°C.  then  the  re.suhs  of  lai.'e  I would  indicate  that 
the  cqiiihhriuni  constant  for  cq.  (5)  and  hence  the  relative  amounts  of  the  two  oxide 
species  have  vciy  little  temperature  dependence.  Iliis  is  not  an  unrcasonahle  pre- 
sumphon,  since  in  cq.  (3)  there  is  no  net  breakage  of  As-  0 bonds,  one  As-O  bond 
being  .ormed  in  a As^f'g  molecule  for  every  As-O  bond  biokcii  in  the  network. 

Hence,  Ihc  enthalpy  change  and  consequently  the  temperature  dependence  of  the 
equtlibrium  constant  for  cq.  (3)  may  be  quite  smal!. 

It  is  of  inicrest  to  note  that  the  existence  of  two  different  oxide  species  in  vitre- 
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Fig.  4.  ^panded  ordinate  (X  5)  infrared  spectra  of  thick  samples  of  AsjOj-doped  AsiSe,  glasses. 
Sample  thickness  shown  in  parentheses.  rtS2.-.c3  glasses. 
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ous  sclciiiuin  lias  also  been  dctcclr  1 by  infrared  spectroscopy  [19, 20], 

in  »hfonn"'Moo‘“  ^ "«"’ber  of  weaker  absorption  bands 

w tlie  900  1400  cm  icgion,  some  of  which  have  been  noted  previously  15-7  1 1 1. 
These  are  shown  in  the  expanded  ordinntc  spectra  of  thick  AsiOydopcd  As,Se,’ 
glasses  in  fig.  4.  The  growth  of  the  weak  band  at  1 125  cm-'  w'ith  increasing'AsJoi 
content  coirelates  with  the  growth  of  the  650  cm''  band  of  fig.  2,  so  that  botlfthese 
ffnrm  I assigned  to  impurity  oxygen  incorporated  into  the  AssSe,  network 

(forrn  11,.  Similarly  the  growth  of  the  weak  bands  at  i050,  1265,  and  1340  cm-* 

wrre^te  With  the  gimUi  of  the  785  cm-'  band  in  fig.  2.  so  that  all  these  bands 
. y be  assigned  to  AS4O6  molecules  dissolved  in  the  melt  (form  1).  The  growth  of 

To  f f ^ concentration  is  presumably  small  compared 

As  0 corie  n J Z with  increaTg 

^nr?oMr  h ’’  1 “'c^caftcr.  As  the  moment  we 

ramto  unambtguously  identify  ti,e  origin  of  this  965  enr'  band.  /Mtliough  Vasko 

metre  r uZ  '^•at  impurity  oxygen  in  As^Se,  bonds 

preferentially  to  As.  it  is  possible  titat  a small  but  detectable  fraction  ofthe  oxygen 

bonds  to  Se  and  that  the  965  cm-'  band  may  be  due  to  Se-0  vibrations.  One  of 
the  oxide  impurity  species  in  vitreous  selenium  hasa  IR  band  at  925  cm"'  [19  201 

‘ iT  ’5"  f frequency  of  965  cm-*  of  form  111  in  As, Sc,.  ’ 

‘ laser,  as  shown  in  calorimetric 

absorption  coeflicicnt  data  of  fig.  5. 

The  various  oxide  impurity  bands  are  classified  in  table  2. 
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Tabic  2 

Bulk  and  impurity 


absorption  maxima  in  AsjScj  glass  in  ilic  2.5-40  mn  region. 


P (cm"' ) 


< 250 

340 

480 

690 

880 

785 

1050 

1265 

1340 

650 

1125 

965 

1585 

3520 

3600 

3420 


X Orm) 


>40 

29 

20.8 

14.5 

11.4 

12.7 

9.5 

7.9 

7.5 

15.4 

8.9 

10.4 

6.3 

2.84 

2.78 

2.92 


Kclaiive 

intensity 


vs 

t 

s 

m 


s 

w 

vw 

vw 

s 

w 


w 

w 

w 


Assignment 


fundamental  As.Scj  stretch 

r shoulder,  fumtanicntal 
stretch  (?) 

intrinsic  2-phoiion  process 

intrinsic  2-  and  S-phonot  processes 

I shoulder,  intrinsic  3-  and 
4-phonoii  processes 

oxide  form  I, 
molecular  AsaOj 

oxide  form  II,  network 
;As-0-As; 

oxide  form  III,  -Sc-O-  (?) 

HjO  dissolved  in  glass 


630 

15.9 

VW  ' 

1280 

7.8 

vw 

2190 

4.57 

w 

lIjSc,  -Sc-!l  and 

2430 

4.12 

vw 

related  structuial  features 

2830 

3.53 

vw  J 

V*  = very  strong,  s a 

strong,  m = 

medium,  w = weak,  vw  = very  weak. 

5.  Oxide  extraction  by  tiic  melt  container 

Dissolution  of  the  silica-glass  melt  container  lias  been  suggested  as  a possible 
source  of  oxide  contaiinnation  rf  chalcogcnidc  glasses  [7,  8J.  To  d-.terminc  whether 
this  was  a source  ofoxidc  contamination  in  our  As,Se,  glasses.  rUher  early  in  our 
study  we  canned  out  a series  of  syntheses  using  starting  materials  from  the  same 
batch  m which  we  varied  both  the  melting  time  and  the  melting  temperature.  Our 
hutial  thought  was  that  oxide  contamination  from  melt-container  dissolution  should 
crease  with  increases  .ii  melting  time  and  melting  temperature.  Infrared  spectra  of 
esc  glasses  arc  shown  in  lig.  6.  We  found,  surprisingly,  that  the  intensity  of  the 
650  cm  oxide  band  decreased  with  increa.ses  in  melting  time  and  melting  temper- 
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Up.  6.  Iiiftared  'pccita  of  AsjSc3  plasscs  melted  in  Vycor  asa  function  of  melting  lime  and 
tttclling  Icmiicrjlure.  Sample  lliicknesM-s  0.40  cm. 


■aturc.  1-vidcntly  the  starting  materials  for  the  glasses  of  fig.  6 were  contaminated 
with  oxide,  and  this  ox'dc  was  removed  by  an  extended,  higli-tcmperatuie  melt  in 
Vycor. 

Fuithcr  evidence  for  tcmoval  of  small  amounts  of  oxide  during  melting  of  AsaSe3 
is  seen  in  figs.  2 and  3 in  which  the  absorption  coefficient  at  the  650  cm"’  oxide 
'fnaximuin  docs  not  depart  trom  the  value  for  the  imdoped  glass  until  over  50  ppm 
AS2O3  have  been  added.  Similarly  figs.  4 and  5 show  that  the  absorption  coefficients 
near  the  965  cm"*  oxide  maximum  are  the  same  for  undoped  AS1SC3  and  As2Sc3 
■to  which  46  ppm  of  As2f I3  have  been  added. 

The  only  two  reasonable  explanations  for  the  disappearance  of  small  amounts  of 
oxide  during  melting  arc  ( I ) segregation  of  the  oxide  into  the  vapor  phase  above 
'•the  melt,  and  (2)  extraction  of  the  oxide  by  diffusion  into  the  walls  of  the  silica-melt 
-container.  The  lirst  explanation  may  be  lulcd  out  on  the  basis  of  the  evidence  pre- 
"sented  in  table  1 and  the  discussion  in  sect.  4.  In  addition,  the  vapor  pressure  and 
•concentration  of  oxide  abo\c  the  mcli  sliould  depend  on  the  oxide  concentration 
dn  the  melt  via  a form  of  Henry’s  law  appiopriatc  toeq.  (3).  This  in  turn  would  re- 
>quire  that  the  a-versus-ppm  As,03  plot  at  650  cm“*  of  fig.  3 show  a continuous, 
tftionotonie  fall  with  decreasing  ppm  A51O3  all  the  way  down  to  zero  ppm  AS2O3, 
t -father  than  the  abtupi  break  at  aioutid  50  ppm  AS2O3  that  it  docs  in  fact  display. 

The  second  cxplanaiiun,  ditiusion  ol  the  As203into  the  walls  of  the  Vycor  melt 
•container,  is  not  unreasonable  in  view  of,  on  the  one  lumd,  the  lack  of  affinity  be- 
•tween  AS2SC3  and  AS2O3  demo  istrated  by  tlic  large  immiscibiliiy  gap  in  tliis  system, 
^rtd  on  the  oilier  hand,  the  altiiiiiy  o(  AS2O3  for  a silicate  network  demonstrated 
^y  thc  fact  that  A52O3  can  be  included  in  numerous  liomogenous  oxide  glasses.  Tlie 
*411100111  of  oxide  removed  by  this  process  is  probably  kinctically  controlled  by  the 
r-$low  rate  of  diffusion  o!  tlu*  AS2O3  into  tlic  Vycor  glass  network  and  should  increase 
•with  incrcat 's  in  melting  temperature,  melting  time,  and  Vycor  glass  area  in  the  inter- 
!ior  of  the  melting  tube.  On  this  basis,  one  would  c.xpec.  that. an  oxide  melt  sliould 


C.  T,  Moynihnn  et  at. /Infrared  atyiorption 


11.  . 


be  considciahly  more  effective  than  the  Vycor  glass  in  extracting,  oxide  impmities 
from  an  As2Se,  melt.  To  test  tliis  suppo<;ition,  wc  rcniellcd  1 5..“;  g of  previously 
prepared  As2.Se3  glass  c-mtainine  010  ppni  of  added  As^Oj  with  5.0  g of  lijO,  foi 
20  h at  850  C.  I he  li^Oj  is  cpiite  fluid  at  this  Icmpcraturcand  is  extremely  immis- 
cible with  the  Asi.Se,  ntelt,  as  shown  by  the  fact  that  no  new  o.^idc  bands  due  to 
B-0  vibrations  were  observed  in  the  extracted  As-,Scj.  The  absorption  coelTicicnts 
of  the  glass  extracted  vi'l'.  I^Oj  were  5.6  enr  ' at  650  cm-'  ind  0..-?!  cm-'  at 
785  cm-'  compared  wi-li  12.2  em-'  at  650  cm-'  and  18.0  ern-'  at  785  cm-' 
(table  1)  for  the  imextracted  OlO  ppm  glass,  l-rom  lig.  3 these  a values  are  seen  to 
correspond  to  a concentration  of  about  240  ppm  As,03  in  the  extracted  glass,  so 
that  the  IJjOj  extractioti  removed  about  75'i.of  the'AsjOs  initially  present  in  the 
AsjSej. 

For  the  tnelt  times  ami  temperatures  and  melt  tube  .sizes  used  in  most  of  our 
oxide  doping  experiments  the  amount  of  AsjOj  extracted  by  the  Vycor  glass  melt 
tube  seems  to  oe  no  more  that!  alum  50  ppm.  Consequently,  the  actual  As-,Oj 
contents  of  our  doped  glasses  are  likely  to  be  some  50  ppm  lower  than  the  ppm  of 
added  AS2O3  indicated  in  figs.  2 -5. 


6.  Hydrogen  impurity  absorption 

As  shown  in  figs.  1 ,4  and  7.  a variety  cf  higli-fiequency  IR  absorption  bands 
appear  in  As2.Sev  These  bmds  have  previously  been  attributed  to  hydrogen  impuri- 
lies  (4, 6,  7J,  and  their  occurrcttce  and  intensity  depend  stiongly  on  preparation 


1^.  Infrared  spectra  of  AsjScj  glasses  prepared  using  various  special  purification  procedures 
The  gbss  of  the  topmost  spccUum  was  prepared  by  the  "standard”  procedure.  Sample  thick- 
nesses shown  m parentheses. 
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coiiditicns.  A':2'5c3  cliissps  prcp.m-cl  by  tlic  “st;'nd:ird"  proci'iiiirc  (fip.  1 and  top- 
most spectrum  of  fie,.  7)  exhibit  a set  ol  bands  at  1585,  3520  and  3600  cm  ’ 
which  arc  always  of  the  same  relative  intensity  with  le.speet  f'o  anotlier,  but  whose 
absolute  intens:ties  vary  Ironi  batch  to  natch.  1 hose  same  bands  aie  observed  in  a 
wide  variety  of  other  sclenide  and  sullide  plasscs  |4, 6,  ?.  1 ] and  are  usually  attri- 
buted to  0 -11  vibrations.  It  seems  likely  .hat  they  arc  due  to  molecular  li-,0  dis- 
solved in  the  glass  rather  than  0-11  {.roups  bonded  in  turn  to  the  network,  e.g. 

> As— 0—11,  since  thcii  presence  docs  not  gi'  c rise  to  any  excess  ab.sorption  in  the 
wavelength  region  in  which  As-O  vibiations  inanile  a themselves,  as  detailed  below. 
Indeed,  allowing  for  a slight  .shift  to  lowei  frcrjiienci...  duo  to  liydiogen  bonding  to 
the  network,  the  frequencies  of  tb.  sc  bands  agree  rathei  nicely  witli  the  firndamcntal 
vibrational  ficqncncies of  isol.ited  MiO  molecules (1595.  3657  and  3756  cm  *’). 

The  lljO  must  be  adsorbed  iiritially  on  the  silica  melt  tube  or  on  tb.c  components, 
since  the  b.inds  do  not  occtir  when  the  melt  tn!>c  and  components  are  baked  be- 
fore melting  the  glass,  as  shown  by  the  bottom  spectrum  of  fig.  7. 

When  substantial  amounts  of  AssOj  arc  added  to  the  Ass.Soj  gla's.  these  11,0 
bands  gradually  sliifi  in  cliaraeter,  as  shown  in  fig.  -hThe  1 585  cm'  ’ hand  becomes 
greatly  reduced  in  relative  intensity,  while  the  3520  and  ^600  cm~’  band  arc  re- 
placed by  one  at  3420  cm“’.  1 Ins  merging  of  the  two  molecular  water  stretching 
vibrations  (3520  and  3600  cm“’ ) into  a single  vibration  at  3420  cm  ’ and  the 
disappearance  of  the  1585  cm'"’  lUO  bending  vibration  suggest  that  in  the  presence 
of  excess  oxide  the  molecular  llsO  vanishes  via  a reaction  of  the  form 

>As-0~Asi  -,As-0~U. 

'file  As -0-11  groups  should  exhibit  a single  0-11  stretching  frequency  close  to  the 
0-H  group  frequency  typically  observed  in  organic  compounds  (3500-3700  cnr'). 

As  shown  in  fig.  7,  in  iindcp  ed  AsiScj  glasses  which  liavc  been  melted  after 
baking  of  tire  melt  tube  and  components  or  to  which  have  been  added  reducing 
agents  siicli  as  Zr  or  Al  the  lliO  bands  are  replaced  by  a band  at  2190  cm"  ’.  Distil- 
lation of  the  inch  'indcr  llj  enhances  this  baud  considerably',  as  has  been  observed 
previously  [6,  7],  and  reveals  a number  of  associated  weaker  bands  at  630,  1280 
^ 24a0  arid  2830  cm”’.  The  1280, 218  0, 24.30  and  2830  bands  arc  probably  associ- 

ated v/ith  impurity  lliSc  or  —Sc— 11  vibrations  (6,  7).  (For  comparison,  the  isolated 
HjSe  fundamental  frequencies  are  1034, 2345  arid  2358  cm”’.)  The  630  cm”’ 
band,  whicli  is  at  a ratlicr  low  Ircqucncy  for  a light-atom  \ibration,  is  likely  due  to 
bulk  As  or  Sc  atom  vibrations  in  a local  structural  group  produced  by  the  hydrogen, 
e.g.,  a ;As-Sc-ll  group. 

In  some  As2Sc3  glasses  hydrogen  impurity  bands  due  to  both  HiO  and  ll2Se 
vibrations  can  be  observed,  c.g.,  the  second  specirum  from  the  top  in  fig.  7.  Thus 
far  we  have  not  succeeded  in  producing  an  AS7SC3  glass  in  which  all  of  the  hydro- 
gen-impurity bands  h wc  been  reduced  to  an  indcctable  level.  These  bands  are  listed 
and  classified  in  table  2. 
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Tabic  3 

Calorimctlic  ab\or|itiii:i  a)dliticm<;  of  AsjSc3  pl.i'^scs  iiu\i\uicJ  witli  CO  l.iscr. 


Special  piiiilit.ilion  rti’ceilures 

l‘  (em  ' ) 

K Oim) 

a (cm  ' 

Distilled  under  5'’  11;  95"  Nj 

1900 

5.25  •') 

0.021 

Distilled  under  vacuum 

1900®) 

5.25®) 

0 0084 

None 

1900®) 

5.25®) 

0.007 

91  ppm  As;O  i added 

1900') 

5.25  ®) 

0.0056 

( 19S0 

5.05 

0.0040 

910  ppm  AS.O3  ailded 

1 1920 

5.20 

0.0024 

\ 1890 

5 28 

0.0026 

UnluiK'd  Ij^iT. 


7.  >U)s  )rjilion  in  the  C O biscr  fcgioii 

Caliirinictric;ibsoipiinn  coifficii-'im  of  As-iSc;,  plas-ics  mcaMiicd  willi  the  CO 
laser  are  libU-J  in  table  3.  I'oi  ibe  me.isinenicnt  on  tbe  ‘/Kj  ppm  As-,Oj  glass  the 
laser  was  Kined  to  specific  v.MveleiiijiIis.  I oi  'lie  other  classes  the  measurcnicnt  was 
carried  onl  wi'h  the  iintuik  J laser  .oi  svhieh  the  “tenter  td  giaviiy’’  of  the  miilli- 
lincoulput  MUciisit>-versiivwavelen-tl’  plot  lies  at  5.25 /tin  (1^00  cm-' ).  1 he  glasses 
arc  arranged  in  order  ol  Jecicasing  intensity  of  the  4.57  /am  (21'>0  em~' ) II2SC 


Fig.  8.  Absorption  coefficient  versus  wavenumber  for  pure  AsjScs  glass  in  the  multiplionon 
absorption  region,  = 240  cm”*,  vg  = 340  cm—*.  Ocalorimctric  a values,  O IR  spectra  a val- 
ues. 
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imi)urity  band  as  obscivcd  on  llic  IR  spoclin  (set.*  fi|T..  *1  and  7).  T'nc  ft  values  of 
table  3 decrease  in  Ibe  same  oider,  and  il  seems  clear  that  Ihe  liieber  vadties  of  ft  ob- 
served al  llic  CO  laser  wavelen''ilts  arc  due  trr  the  lo\v-fre<inency  lail  ol  tliis  4 57  pm 
H2SC  inipuiily  band.  Somewli.it  ironically,  (lie  oxide  doj-ed  plasses ’.vliich  are  the 
worst  transinilters  at  COi  l.iscr  wavelenetlis  are  the  best  »r.insniiitcrs  in  the  CO  laser 
wavcleniilh  leeion  I ven  willi  the  ‘>1  U-ppni  ela-'s  the  .1^01011(111  eoetlieient  is 

still  decreasing  as  one  moves  away  fioni  tlic  4.57  /tin  lli-Se  band  position,  so  that 
the  lowest  ft  values  of  around  2 X 10"-^  enr’  observed  in  this  experimen:  can  still 
be  consideicd  only  an  uj'pei  limit  to  the  intrinsic  absorption  of  AS2SC3  riass  in  the 
5-6  pm  region. 


8.  Intrinsic  absorption  below  1 100  cm“* 

In  tabl''  4 arc  listed  al'sorption  cocflidcnts  al  the  650  ctTi~*  inipiirity  oxide  ab- 
sorption fiqnoney  and  at  94.f  cm  * ( 10.6  pm,  the  “iioniiivd”  operating  wavelength 
of  the  CO2  laser)  lor  .'\siSe-  classes  |>tc;'jtcJ  and  pun'ied  i'y  a \aiiely  ol  techniques. 
The  good  acreenieiit  among  ihe  •■•'si  ilie  values  lor  liie  v.nious  s.iinples 
su'  rests  that  these  a v.ilucs  are  inti  iiisic.  that  the  gla.sscs  aic  all  essentially  free  of 
oxi.lc  coiitaniinanl,  and  that  the  simple  “standard”  preparation  is  siitiicient  to  pre- 
pare As2Se'3 glasses  v,  iili  no  impurity  absorption  in  the  frequency  icgion  1 1 00  cm"' 
and  below  (9  pm  and  above). 

Tabic  4 

AsjSc3  fbs.,  abvnplioii  cocftieicnls  at  650  cm~*  ami  943  cm"'  (=  10.6  miti).  All  glasses  melted 
20  h at  PSO^C  in  Vycoi  scaled  muter  vacuum.  Out  ticale  a values  at  o50  cm"'  ate  lor  difterent 
samples  fioin  tlie  s.ir.ic  batcli.  Duplieatc  a values  at  943  cm"'  were  obtained  on  the  s-ainc  sample 
by  diffeient  experimemeis. 


Special  puiillcation  pioecduics 

O6so(cin  ') 

<Sr,43  (lTn"‘ ) 

None 

0.58 

0.015 

None 

0.56 

- 

Cisiilled 

0.53, 0.54 

- 

Distilled  ur.dci  Nj 

0.63 

0.016 

Distilled  utiJei  5’X  M;-95"N; 
Melt  tube  baked  at  850'C; 

0-57, 0.62 

0.019 

cbmponenis  baked  al  1 20°C 
Melt  tube  b.<kcd  at  900°C, 

0.50,0.52 

components  baked  at  100°C 
Melt  tube  baked  al  850'C, 

0.53,0.56 

1300  ppm  Al  added,  disiilled 
Melt  tube  baked  at  SSO^C, 

0J6 

■” 

1300  ppm /t  added,  distilled 

0.51,0.57 

0.014,0.015 

46  ppm  As20a  added 

0.61 

0.012,0.015 

Average 

0.56  t 0.03 

0.015  t 0.001 

I 
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In  fi<;.  8 is  sliowu  :i  pi  )t  of  iiiliinsic  nlvsnrptioii  cocfl'icicnt-vcrsuswiivonmnlH'r 
for  As2-Se3  glass  in  tliL  .i()0  1 100  srn  * region.  Tlic  piiiuipa!  tc  iliires  1 1 lig.  .S  ainl 
of  tlic  pure  AsiSoj  spci'iia  ol  fi  rs.  1 , 5,  (>,  anJ  7 are  a shoulder  ai  ddO  em  *, 

niaxiina  at  •i''l0  and  0')Q  cm  ‘ *.  ai'd  a rlioiilJcr  at  S.SU  cm  ' . I’lcvioirs  investigators 
have  noted  the  fits;  three  of  these  features  |.^-7,  11,  12]. 

Vitreous  AssSe^  has  an  i;;’eii-layered  stiiicttiie  eonsi'tiiig  of  pyramidal  As  Sej 
groups  bridged  by  .So  atoms  (As  Se  As  groups)  [ I I.  22— Z-S].  l.ucovsky  and  .Maitiii 
[14,  23]  ave  supccMcd  tli.it  in  Ass.Sc^  glass  the  \sSe3  pyramidal  groups  are  only 
weakly  coupled  vil/iationally  Ijv  the  hruhaim’  As-.Se-A.s  giotips  ami  that  the  IR  and 
Kanian  spectia  in  the  liuulaiiieiital  region  emrespond  to  tlurse  for  AsSe3  molecules 
superimposed  on  much  less  intense  As  Se— As  spectra.  ‘1  he  a values  at  the  lowest 
frequencies  in  fig.  S are  due  to  the  liieli-trcquency  tail  of  .a  fumlameiilal  hand  t-h- 
scrvedinlR,  Raman,  ami  tcllectiviiy  spectra  ai  houi  230  cm  * 12.3,0.  10,  12-14, 
26];  this  is  the  most  intense  fundamental  band  in  As^Se,  aivJ  has  been  assigned  to 
AsSe3  gioiip  Mictcliing  vi'nations  j 14.  2.3].  I be  sboulder  at  34'*  cm"  ’ it>  fig.  8 is 
probably  tdso  a limJainental,  due  possibl  e to  an  As- Se— As  group  sircicliing  vi- 
bration |23,  27). 

Above  400  cm“*  absorptimi  coefficients  of  fig.  S ate  due  to  imiltipboiion  pro- 
cesses in  wliicli  a liigli-eiicigy  pi  ot<m  couples  weakly  with  a tiaiisvei  >c  optical  mode 
of  the  solid,  wliicli  TC)  mode  llien  decays  into  two  or  nioic  lowcr-cncrgy  j'lionons 
of  frequencies  coiie.<pnndiiig  to  some  fiind.iinciital  viliraiioiial  mode.  In  terms  of 
the  molecular  model  of  Lucovsky  and  Mailin  ] '4,  23]  for  the ' il  ration.il  piopeitics 
of  AsjSiCy,  nuiltiphoiioii  bands  in  tliis  niaterril  b.'comc  analogous  to  oveiloiie  or 
combination  bands  of  isolated  molecules.  I or  a hig.li-energv  jihoton  of  a given  fre- 
quency the  nioft  probable  iinltiphonon  process  iiivoKes  production  rf  the  mini- 
nimn  nmnhcr  of  final-state  piionons  (28).  Consequently,  in  a material  such  as  amor- 
phous AS2SC3  in'.vhich  the  dcnsity-ol'-vibratioiial-siaics-versus-tiequency  plot  is 
higlily  structured,  one  expects  siniil  ,rly  a highly  structured  a-  r plot  in  the  multi- 
plionon  region  which  niiriors  the  density-of  states  plot  at  the  higli-fieqticncy  end. 

In  fig.  8 we  have  indicate  i the  frequencies  corresponding  to  the  ovcitones  and 
combinations  of  two  fundamental  frequencies,  P 3 = 240  cm"* , which  is  close  in 
frequency  to  the  intense  ASSC3  strctciiing  mode  observed  at  about  230  cm"*,  and 
Pg  *=  340  ern"* , the  frequency  of  the  long-wavelengtb  shoulder,  possibly  due  to  an 
As-Se-As  stretch.  The  first  few  of  these  overtone  and  combination  frequencies 
correspond  clearly  to  proniiiicnt  features  in  fig.  cS,  c.g.,  the  maximum  at  480  cm"*, 
the  change  in  slope  at  about  580  cr  i"*,and  the  maximum  at  690  cm"*. 


9.  Conclusions 

In  the  wavelength  region  of  the  COi  laser  AS2SC3  glass  absorption  coefficients 
appear  to  be  limited  by  intrinsic  multiphonon  processes  to  values  of  the  order  of 
10-2  cm"^  Other  selenitic  glasses,  c.g.,  in  the  Ge-As-Sc  and  Ge-Sb-Se  systems, 
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are  similar  lo  AsiSe3  in  llicir  ncarcst-nci<;!il)or  redua-J  masses  and  lioncl-I'orce 
conslants,  and  Iicna;  a coirc.'.pniidm!’  siniilarily  m nnilliphoium  '’hsorinion  co- 
cfficicnts  in  tlic  l.is^r  reeion  is  to  he  c xpeete'!.  Selenidc  glasses  an’  tlius  niaiked- 
ly  inferior  in  IR  trLiispaiemy  in  tlie  (Oj  laser  leeion  to  ni.iicrials  siieli  as  sonm 
alkali  lialklcs  and  seniieonJiieior  inaieiirds  for  svliieli  iO.6  /nn  absorption  eoclli- 
cicnls  appiuacliin;;  10  ■'em  ‘ base  been  measnicd  120|. 

/ SjScj  int'insic  absorption  eoidlieients  in  the  CO  laser  lecion  are  no  liiebcr  than 
2Xir-^eni-‘. 
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MULTIPnONON  ABSORPTION  IN  CHALCOGENIDE  GLASSES 

t 

t 

• , t 

R.E.  Howard,  P.S.  Danielson,  M.S.  Maklad, 

R.K.  Mohr,  P.D.  Macedo  and  C.T.  Moynihan 
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abstract 

The "molecular  model"  of  Lucovsky  and  co- 
workers for  vibrational  properties  of  chal- 
cogenide  glasses  such  as  AS2S3,  As2Se3,  GeS2 
and  GaSe2  suggests  that  multiphonon  absorp- 
tion in  these  materials  should  be  analogous 
to  overtone  and  combination  vibrational  bands 
in  isolated  molecules.  A variety  of  experi- 
ments have  been  carried  out  whose  results  are 
in  reasonable  accord  with  this  prediction. 

These  include  Raman  spectra  of  AS2S3  glass, 
measurement  of  the  frequency  dependence  of  in- 
frared absorption  in  the  multiphonon  region 
for  AS2S3,  AS2Se3,  and  mixed  As2S3-AS2Se3  and 
AS2Se3~GeSe2  glasses,  and  measurement  of  the 
temperature  dependence  of  absorption  coeffi- 
cients in  the  multiphonon  region  for  As2Sc3 
glass. 

INTRODUCTION 

Chalcogenide  glasses  such  as  AS2S3 , As2Sc3 , GeS2» 
and  GeSe2  possess  open  network  structures  of  the  types 
shown  in  Fig.  1.  For  example,  AS2Y3  glass  (Y  = S or  Se) 
consists  of  pyramidal  ASY3  groups  bridged  by  bent  As-Y- 
As  groups,  while  GeY2  glass  consists  of  tetrahedral  GeY4 
groups  bridged  by  bent  Ge-Y-Ge  groups,  Lucovsky  and  his 
coworkersl-4  have  proposed  a "molecular  model"  for  the 
vibrational  properties  of  glasses  of  this  sort  whose 
central  feature  is  the  pre- 
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sumption  that  the  high  coordination  centers,  e.g.,  the 
ASY3  pyramidal  groups  or  the  GeY^  tetrahedra,  are  cou- 
pled vibrationally  to  one  another  only  very  loosely  by 
the  bridging  chalcogenide  atoms.  As  a consequence  their 
infrared  and  Raman  spectra  are  to  a first  approximation 
expected  to  correspond  to  those  of  isolated  ASY3  or  GeY4 
molecules  superimposed  on  less  intense  spectra  due  to 
tlie  bridging  As-Y-As  or  Ge-Y-Ge  groups.  Raman  and  infra- 
red spectroscopy  studies  of  chalcogenide  glasses  in  the 
fundamental  region  are  in  reasonable  accord  with  the  pre- 
dictions of  this  modell“6^ 

In  solids  multiuhonon  absorption  takes  place  when 
a high  ene  f’V'  phuton  couples  weakly  with  a transverse 
optical  mode  of  the  material;  this  TO  mode  then  decays 
into  two  or  more  lower  energy  phonons  of  frequencies  cor- 
responding to  fundamental  vibrational  modes.  For  a high 
energy  photon  of  a given  frequency  the  most  probable 
Jlbiphonon  absorption  process  involves  production  of 
the  minimum  number  of  final  state  phonons  (see  papers  of 
Pohl  and  coworkers and  references  cited  therein).  For 
crystalline  materials  such  as  the  alkali  halides  the 
one  phonon  density  of  vibrational  states  is  sizeable 
over  a broad  range  of  frequencies.  This  may  be  shown 
to  lead  to  a predicted  absorption  spectrum  in  the  multi- 
phonon region  which  is  comparatively  featureless  at  am- 
bient temperature  and  above,  in  agreement  with  experi- 
ment. ' For  materials  such  as  the  chalcogenide  glas- 
ses, however,  the  one  phonon  density  of  states  is  pre- 
dicted by  the  molecular  model  to  consist  of  a collection 
of  discrete  vibrational  modes  broadened  only  slightly  by 
the  small  variations  in  local  structure  inherent  to  the 
amorphous  state.  Multiphonon  absorption  in  these  mate- 
rials should  then  be  restricted  to  relatively  discrete 
frequencies  v which  satisfy  the  condition 

_ n 

V = I Vi  (i, 

i=l 

Where  Vi  are  frequencies  of  the  n fundamental  nodes  into 
which  the  photon  decays^^.  To  put  it  another  way,  the 
molecular  model  predicts  that  roultiphonon  absorption 
processes  in  chalcogenide  glasses  should  be  analogous  to 
combination  and  overtone  bands  in  isolated  luolecules. 
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Further,  because  the  probability  of  a given  multiphonon 
process  at  a given  frequency  falls  off  rapidly  with  in- 
creasing number  of  final  state  phonons,  n,  multiphonon 
absorption  in  chalcogcnide  glasses  should  be  dominated 
by  combinations  and  overtones  of  the  highest  frequency 
fundamentals . 

In  the  present  paper  we  report  the  results  of  a 
number  of  experiments  designed  to  test  this  hypothesis 
for  multiphonon  absorption  in  chalcogenide  glasses. 

These  include  Raman  spectroscopy  of  AS2S3  glass,  measu- 
rements of  the  frequency  dependence  of  infrared  absor- 
ption in  the  multiphonon  region  for  AS2S3 , As2Se3 , and 
mixed  AS2S3  - As2Se3  and  As2Se3  - GeSe2  glasses,  and 
measurement  of  the  temperature  dependence  of  absorption 
coefficients  in  the  multiphonon  region  for  As2Sc3  glass. 


EXPERIMENTAL  SECTION 

Chalcogenide  glasses  were  synthesized  by  reacting 
the  elements  (99.9999%  purity)  in  evacuated  Vycor  tubes. 
Other  preparation  details  are  reported  elsewhere^l » ^ 
Glass  densities  were  determined  from  the  masses  and  di- 
mensions of  the  cylindrical  specimens  used  for  IR  absorp 
tion  measurements. 

At  most  frequencies  infrared  absorption  coeffi- 
cients a were  obtained  from  IR  spectra  of  the  glasses 
determined  with  a Perkin-Elmer  Model  467  spectrometer^^ . 
IR  spectra  above  ambient  temperature  were  measured  with 
the  samples  thermostatted  in  a small  aluminum  heating 
block;  corrections  to  a spectrum  for  black-body  emission 
from  the  hot  sample  were  made  using  a blank  spectrum 
run  at  the  same  temperature  with  the  light  beam  to  the 
sample  blocked. 

Absorption  coefficient  measurements  for  As2Se2 
glass  in  the  CO2  laser  wavelength  region  (920-1090  cm“^) 
were  carried  out  calorimetrically  with  a Molectron  Corp. 
Model  C250  tunable  CO2  laser  and  a CRL  Model  201  power 
meter  using  previously  described  techniques'^ , 14 , por 
measurements  above  ambient  temperature  the  sample  was 
held  in  position  at  the  ends  of  three  Teflon-tipped 
screv/s  and  thermostatted  in  a cylindrical  brass  oven 
with  baffles  to  eliminate  spurious  air  currents  and 
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and  scattered  radiation. 

Raman  scattering  experiments  on  AS2S3  glass  were 
carried  out  using  a Coherent  Radiation  Model  52  Ar  ion 
laser  (wavelength  514.5  nm) , a Spex  1401  double  mono- 
chromator (slit  width  20  cm“l) , and  an  ITT  FW130  photo- 
multiplier as  detector  for  the  photon  counting  equip- 
ment. A 514.5  nm  spike  filter  was  placed  between  the 
laser  beam  and  the  sample  to  screen  out  any  additional 
emission  lines  from  the  laser.  The  laser  power  was 
about  70  mw  focused  on  a 0.5  mm  diameter  spot  on  the 
sample.  To  prevent  excessive  heating  by  the  laser  beam 
the  sample  was  fashioned  into  a thin  plate  (0.16  mm 
thickness)  and  attached  to  an  aluminum  plate  on  the  end 
of  a cold  finger  with  thermal  paste  and  bonding  resin. 

The  angle  between  the  incident  laser  beam  and  the  normal 
to  the  sample  surface  was  set  equal  to  Brewster's  angle 
(81.5“  for  AS2S3) ; the  scattered  laser  light  was  obser- 
ved in  a direction  normal  to  the  sample  surface. 

RAMAN  SCATTERING  FROM  AS2S3  GLASS 

In  Fig.  2 is  shown  the  Stokes  Raman  spectrum  of 
AS2S3  glass  at  15  K.  The  incident  laser  light  was  po- 
larized in  the  scattering  plane;  the  scattered  laser 
light  was  unanalyzed.  The  laser  wavelength  (514. 5nm) 
lies  well  inside  the  electronic  absorption  region  of 
AS2S3  glass,  so  that  the  intensity  of  scattered  light 
has  been  increased  considerably  by  resonance  enhancement 
relative  to  the  scattering  intensity  expected  for  inci- 
dent laser  light  of  wave  length  well  outside  the  elec- 
tronic absorption  edge^^. 

The  spectrum  of  Fig.  2 is  similar  to  those  reported 
previously  for  AS2S3  glass  below  500  cm“l  5,15,16^  Thg 
most  pronounced  feature  is  the  large  peak  at  345  cm**l, 
which  has  been  attributed  to  stretching  vibrations  of 
ASS3  pyramidal  groups  1^2,5.  it  presumably  contains  con- 
tributions from  both  the  symmetric  (344  cm**l)  and  anti- 
symmetric (310  cm“^)  stretching  modes  predicted  by 
Lucovsky's  molecular  model  treatment  If 2, 5,  The  235  cm“l 
peak  of  Fig.  2 is  more  intense  than  that  in  Ward's  or 
Kobliska  and  Solin' s 5,15  spectra;  its  assignment  is  un- 
certain, but  it  may  be  due  to  a stretching  vibration  of 
a bent  As-S-As  group^f^.  The  small  peak  at  485  cm**l  has 
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also  been  observed  by  Kobliska  and  Solin^/lS  and  by 
Wardl^;  its  assignment  is  likewise  somewhat  uncertain, 
but  it  may  also  be  due  to  a stretch  of  the  bent  As-S-As 
groups  >>.  A S-S  stretching  vibration  at  47£  cm“^  is 
observed  in  the  Raman  spectra  of  Ward  16  for  S-rich  As-S 
glasses,  but  this  appears  to  bo  distinct  from  the  4 85cm“^- 
AS2S3  band.  A similar  v/eak  485  cm“^  band  was  also  obser- 
ved in  GeS2  glasses  by  Lucovsky  et  al.,  who  likewise  con- 


cluded that  it  v;as  not  due  to  S-S  stretching  vibrations 3. 

The  final ‘prominent  feature  of  Fig.  2,  the  v/eak  band 
centered  at  690  cm  lies  at  a much  higher  frequency 
than  any  predicted  fundamental  modes  of  AS2S3  glass! #2, 5, 
Since  it  occurs  at  just  twice  the  frequency  of  the  strong 
345  cm"!  band,  it  is  reasonable  to  assign  it  via  Eq.  (1) 
to  a 2-phonon  scattering  process,  i.e.,  to  the  first  har- 
monic of  the  ASS3  pyramidal  group  stretching  frequencies. 


MULTIPHOWON  IR  ABSORPTION  IN  AS2S3  AND  AS2Se3  GLASSES 

In  Fig.  3 is  shown  a plot  of  IR  absorption  coeffi- 
cient a versus  wavenumber  v for  AS2S3  and  As2Se3  glasses 
in  the  multiphonon  region  at  ambient  temperature  taken 
from  our  previous  paper!!.  The  two  high  frequency  bands 
in  Fig.  2 at  345  and  690  cm"!  also  ev'ident  in  the 
multiphonon  IR  spectrum  of  AS2S3  glass. 

We  have  indicated  in  Fig.  3 the  overtones  and  com- 
binations of  the  two  highest  frequency  fundamentals  of 
AS2S3  in  Fig.  2,  the  345  cm“!  band  (designated  and 
the  485  cm  band  (designated  Vq) . In  line  with  our  mo- 
lecular model  hypothesis  for  multiphonon  absorption  in 
chalcogenide  glasses,  these  overtones  and  combinations 
correspond  well  to  the  prominent  features  of  the  AS2S3 
spectrum  (maximum  at  690  cm”!,  change  in  slope  around 
800  cm”!,  maximum  at  9 80  cm”!,  shoulder  at  1050  cm"!, etc.}. 

The  similarity  of  the  spectra  of  AS2S3  and  As2Se3 
glasses  in  Fig.  3 is  a striking  demonstration  of  the  iso- 
structural  character  of  these  two  glasses,  as  suggested 
in  Fig.  1.  The  dashed  line  in  Fig.  3 is  the  spectrum  of 
^®2^®3  to  that  of  AS2S3  using  a frequency  scaling 

factor  VAs23e3/^As2S3  0.70  and  an  amplitude  scaling 

factor  o‘As2Se3/o‘As2S3  0.63  !!.  The  frequency  scaling 

factor  is  the  same^ag  that  found  by  Zallen  et  al.!7  to 
relate  the  Raman  and  IR  spectra  peak  frequencies  of  both 


Figure  3.  IR  absorption  coefficient  versus  wave- 
number for  AS2S3  and  As2Se3  glasses  at 
aiTibient  temperature. 


Figure  4 . IR  absorption  coefficient  versus  wavenum 
ber  plots  for  As2Se3  glass  as  a function 
of  temperature  in  the  2-phonon  region. 
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amorphous  and  crystalline  AS2S3  and  As2Se3  in  the  funda- 
mental reyion. 

From  the  above  frequency  scaling  factor  the  two 
highest  frequency  peaks  in  tlxe  fundamental  region  for 
As2Se3  glass  are  predicted  to  lie  at  = 240  cm"^ 

(close  to  the  i)i tense  Jvaman  peak  observed  at  22  7 cm”^  ) 
and  at  Vp'  = 340  cm“^  (observable  as  a shoulder  in  Fig.  3). 
Overtones  and  combinations  of  these  frequencies  are  in- 
dicated in  the  As2Se3  spectrum  of  Fig.  3 and  correspond 
well  to  prominent  features  in  the  spectrum. 

TEMPERATURE  DEPENDENCE  OF  ABSORPTION  COEFFICIENTS 

In  Fig.  4 are  shown  plots  at  different  temperatures 
of  a versus  v for  AS2Se3  glass  in  the  vicinity  of  the  2- 
phonon  absorption  peak  at  480  cm“^.  The  absorption  co- 
efficient increases  in  magnitude  and  the  maximum  shifts 
slightly  to  lower  frequencies  with  increasing  tempera- 
ture. a versus  v plots  in  the  vicinity  of  the  700  cm”^ 
maximum  of  Fig.  3 for  As2Se3  show  similar  behavior  as  a 
function  of  temperature. 

The  shift  in  the  absorption  peaks  to  lower  frequency 
with  increasing  temperature  may  be  understood  if  we  as- 
sume that  the  fun  iamcntal  vibrational  modes  (the  AsSe3 
and  As-Se-As  group  stretching  vibrations)  are  enharmonic 
(e.g.,  described  by  a Morse  potential),  so  that  the  spa- 
cing of  the  vibrational  energy  levels  narrows  with  in- 
creasing vibrational  quantum  number.  Increasing  tempera- 
ture increases  the  population  of  the  levels  of  higher 
quantum  number  and  hence  increases  the  relative  number  of 
mulitphonon  absorption  processes  originating  in  the  higher 
vibrational  states,  leading  in  turn  to  a decrease  in  the 
average  frequency  for  a given  multiphonon  process.  In 
the  temperature  range  covered  in  our  experiments  on  As2Se3 
glass,  however,  the  changes  in  multiphonon  absorption 
maxima  frequency  are  so  small  that  they  may  be  neglected 
in  our  discussion  below  of  the  temperature  dependence  of  a. 

For  a multiphonon  absorption  process  in  which  a 
photon  of  wavenumber  v is  absorbed  and  produces  n phonons 
of  the  same  fundamental  wavenumber  Vf  the  ratio  of  the 
absorption  coefficient  at  temperature  T to  that  at  0 K is 
predicted  to  be 
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a(T)/a(0)  = [ 1-exp (-nhcVf/kT)  ]/[l-exp(-hcv£/kT) 

where  h is  Planck's  constant,  c is  the  velocity  of  light, 
and  k is  the  BoltJ^mann  constant  (cf.  refs.  7-9,19  and 
papers  cited  therein).  In  Fig.  5 the  absorption  coeffi- 
cients of  As2Sc3  glass  at  480  cm“l  (Fig.  4)  are  plotted 
versus  temperature  The  line  for  the  480  cra"l  data  in 
Fig.  5 is  calculated  from  Eg.  (2)  using  n = 2 and  an  a(0) 
value  selected  to  cause  the  calculated  curve  to  agree 
with  the  experimental  da^a  at  75°  C.  The  temperature  de- 
pendence of  a at  480  cm  is  in  good  agreement  with  that 
predicted  for  a 2-phonon  absorption  process,  in  accord 
with  our  molecular  model  analysis  of  the  data  of  Fig.  3. 
The  temperature  dependence  of  a at  700  cm“l  shown  in  Fig. 5 
is  intermediate  between  that  predicted  for  n = 2 and  that 
for  n = 3,  similarly  in  accord  with  the  molecular  model 
analysis  summarized  in  Fig.  3,  although  the  3-phonon  pro- 
cess appears  to  dominate  absorption  at  this  frequency. 

In  the  CO2  laser  region  (920-1090  cm~^)  the  molecular 
model  predicts  a variety  of  3-  and  4-phonon  absorption 
processes  for  As2Se3  as  shown  in  Fig.  3.  The  tempera- 
ture dependence  of  a at  943  and  102G  cm"l  shown  in  Fig. 6 
is  again  in  good  agreement  with  this  prediction. 

MULTIPHONON  ABSORPTION  IN  MIXED  CHALCOGENIDE  GLASSES 

In  this  section  we  will  discuss  multiphonon  ab- 
sorption in  the  mixed  chalcogcnidc  glasses  X AS2S3  - 
(1-X)  As2S03  and  X As2S02  ~ (1-X)  GcS02/  where  X is  the 
mole  fraction  of  the  first  component  of  each  pair.  Since, 
as  is  evident  from  Fig.  3,  a large  number  of  multiphonon 
processes  become  possible  at  high  frequencies  even  for 
one  component  glasses,  we  shall  confine  our  remarks  on 
the  mixed  glasses  for  the  most  part  to  the  low  frequency 
2 -phonon  region  in  which  absorption  is  due  to  the  pyra- 
midal ASY3  and  tctreihedral  GeY4  group  stretching  modes. 

In  Fig.  7 are  shown  a versus  v plots  taken  from 
our  previous  paperU  for  two  mixed  X AS2S3  - (l-X)As2Se3 
glasses.  The  solid  curves  are  the  absorption  coeffic- 
ients predicted  on  the  basis  of  additivity  of  the  a val- 
ues cf  the  end  member  compositions,  AS2S3  (=  component  1) 
and  As2Sc3  (=component  2) , at  each  frequency: 

a = fai  + (l-f)a2 

f is  the  volume  fraction  of  component  1: 
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Figure  6 


IR  absorption  coefficient  versus  tempera- 
ture at  4S0  and  700  cm“^  for  AS2S02  glass, 
Solid  linos  calculated  from  Eq.  (2)  using 
n values  shown  in  the  figure  and  a(0) 
values  selected  to  give  agreement  with 
the  data  at  75°  C, 
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’ Absorption  coetticient  versus  tempera- 
ture at  943  and  1026  cm“^  for  As2Se-^  glass 
Solid  lines  calculated  from  Eq.  (2)  using 
n values  shown  in  the  figure  and  a(0) 
values  selected  to, give  agreement. with .the 
'data  at  75®  C. 
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f = (XM2/Pi)/[ (XM^/P]  ) + ( (1-X)M2/P2) ] 

where  X,M2^,  and  p are  the  mole  fraction,  formula 
weight,  and  density  of  component  1 and  (1-X) , M2  and 
P2  the  corresponding  quantities  for  component  2. ' The 
glass  densities  are  given  in  our  previous  paper^l.  For 
X = 0.602  the  experimental  and  calculated  additive  a val- 
ues agree  within  about  205  except  in  the  region  around 
585  cm  . For  X = 0.074  the  agreement  is  somewhat  worse, 
but  still  fairly  close,  except  again  in  the  region  aroujid 
505  cm“l. 

Felty  and  coworkers  have  observed  two  rest— 
strahlen  bands  in  reflectivity  measurements  in  the  fun- 
damental region  of  mixed  AS2S2~As2Se2  glasses;  the  two 
reststrahlen  frequencies  corresponded  closely  to  those  for 
the  pure  glasses .Lucovsky21  suggested  that  this  behavior 
could  be  accounted  for  either  by  assuming  that  the  mixed 
glass  reflectance  spectra  were  a superposition  of  the 
spectra  of  different  AsY3  polymeric  entities  in  the  glass 
or  tliat  the  mixed  glasses  exliibj.ted  tlie  two  mode  rest- 
strahlrn  behavior  found  in  solid  solutions  such  as 
CdSgSei^j,  in  which  the  component  atoms  had  large  mass  dif- 
ferencas.  In  terms  of  the  molecular  model  for  the  vi- 
brational characteristics  of  AS2S3  and  As2Sc3  the  former 
explanation  is  to  be  preferred. 

In  the  mixed  AS2S3  - As2Se3  glasses  one  would  ex- 
pect a structure  of  the  type  shown  in  Fig.  1 with  the 
two  types  of  chalcogen  atoms  distributed  over  the  As-Y-As 
bridging  groups,  so  that  a substantial  portion  of  the 
ASY3  pyramids  should  consist  of  mixed  AsS2Se  and  AsSSe2 
groups.  The  lowered  symmetry  of  these  mixed  groups  would 
lead  to  splitting  of  the  degenerate  ASY3  stretching  modes. 
However,  because  of  the  large  mass  difference  between  S 
and  Se,  the  stretching  modes  for  the  AsS2Se  and  AsSSe2 
should  be  close  in  frequency  to  those  for  ASS3  and  AsSe3, 
i.e..  Should  be  approximately  equal  to  vj^and  v^of  Fig.  3, 
in  agreement  with  the.  observations  of  Felty  and  cowork- 
ers^O  in  the  fundamertal  region  of  the  mixed  glasses.  In 
the  2 -phonon  absorption  region  ascribable  to  the  ASY3 
stretching  modes  one  would  expect  to  observe  combination 
and  overtone  bands  at  2v;^  = 690  cm"l,  at  2v^'  = 480  cm-^, 
and  at  = 585  cm~l.  The  first  two  of  these  pre- 

dicted 2— phonon  bands  (690  and  480  cm”"^)  are  quite  ap- 
parent in  Fig.  7,  but  the  predicted  585  cm“^  band  is 


Figure  7 . IR  absorption  coefficient  versus  wave- 
number  for  X AS2S3- (1-X) As2Se2  glasses. 
Solid  and  dashed  curves  are  calculated 
from  Eq.  (3) . 


Figure  8.  IR  absorption  coefficient  versus  wave- 
number  for  X As2Se3-(l-X)GeSe2  glasses. 
The  « scale  is  correct  for  the  X = 0.75 
glass;  for  clarity  the  spectra  have  been 
displaced  upward  by  respective  factors  of 
10  and  100  in  a. for  the  X = 0.50  and  X = 
0.25  glasses.  Solid  curves  are  calculated 
from  Eq.  (3) . 


13. 


[ 


i 


I 


1 

> 


y 


discernible  only  in  terms  of  the  large  deviations  from 
additivity  at  this  frequency  and  as  ' aak  shoulder  at 
about  580  cm“^  in  the  X = 0.074  gla  The  relative 
weakness  of  predicted  585  cm“l  bands  which  should  occur 
vUly  in  the  mixed  AS2S3  - As2Se3  glasses  may  mean  that 
the  distribution  of  the  S and  Se  atoms  among  tlie  bridg- 
ing groups  may  be  highly  non-random^ 1. 

In  Fig.  8 are  shown  a versus  v plots  in  the  multi- 
phonon region  for  mixed  X AS2Se3  - (1-X)  GeSe2  glasses. 

We  were  unable  to  obtain  the  end  member  composition 
GeSe2  in  the  glassy  state  by  rapid  quenching  of  bulk 
samples,  contrary  to  the  report  of  Tronc  and  cowoi'kers^^ 
but  in  agreement  with  earlier  reports  of  the  glass-form- 
ing regions  in  the  Ge-As-Se  system^^,  so  that  our  studies 
cover  only  the  composition  range  X = 0.25  to  1.00.  The 
peaks  at  780  cm“^  in  Fig.  8 for  the  compositions  X = 0.25 
and  0.50  are  due  to  oxide  impurity^^,  but  below  700  cm“l 
the  spectra  of  all  the  glasses  are  due  to  intrinsic  ab- 
sorption processes. 

The  ambient  temperature  densities  of  the  X As2Se3- 
(1-X)  GeSe2  glasses  were  (X, p (g/cm3) ) ; 0.25,  4.34;  0.50, 
4.40;  0.75,  4.53;  1.00,  4.61.  Within  experimental  error 
the  molar  volumes  were  additive. 

The  solid  curves  in  Fig.  8 are  the  absorption  co- 
efficients calculated  from  Eq.  (3)  on  the  assumption  of 
additivity  of  the  a values  of  the  end  member  composition 
As2SC3  (=  component  1)  and  GeSe2  ( = component  2) . Since 
the  pure  GeSc2  glass  could  not  be  prepared,  the  0.2  values 
were  calculated  from  Eq.  (3)  using  the  experimental  a val- 
ues for  the  X = 0.25  compositions.  These  calculated  ci2 
values  were  then  used  to  calculate  the  solid  curves  of 
Fig.  8 for  the  X = 0.50  and  0.75  composition  . The  a- 
greement  between  the  experimental  and  calculated  ad- 
ditive a versus  v curves  in  the  intrins.,.c  region  below 
700  cm“^  is  within  experimental  error. 

From  Fig.  1 the  structure  of  the  mixed  As2Se3  - 
GeSe2  glasses  is  expected  to  consist  of  AsSC3  pyramids 
and  GeSe4  tetrahedra  linked  by  Se  atom  bridges.  The 
molecular  model  predicts  that  the  vibrations  of  neigh- 
boring AsSg3  and  GeSe4  groups  should  be  only  very 
loosely  coupled,  so  that  in  the  raultiphonon  absorption 
region  one  expects  in  turn  to  see  no  combination  bands  of 
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AsSe3  and  GeSe4  fundamental  frequencies.  The  400  to 
600  cm-J-  region  of  Fig.  8 is  the  frequency  range  in 
which  2-phonon  processes  involving  the  AsSe3  GeSo4 
stretching  modes  are  predicted  to  occur,  and  hence  the 
agreement  of  the  spectra  of  the  mixed  glasses  in  this 
region  with  those  predicted  from  Eq.  (3)  on  the  assump- 
tion of  additivity  of  the  end  memher  spectra  arc  in  com- 
plete agreement  with  this  hypothesis. 

In  summary , then , for  mixed  chalcogenide  glasses  the 
molecular  model  predicts  additivity  of  absorption  co- 
sfficients  in  the  2 -phonon  region  when  the  high  coordi- 
nation center  atoms  are  mixed,  as  in  the  As2Sc3-GeSe2 
glasses,  but  deviations  from  additivity  when  the  bridging 
chalcogen  atoms  are  mixed,  as  in  the  As2S3-As2Se3  glasses 
These  predictions  are  in  accord  with  the  experimental 
results  reported  here. 
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